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Introduction
With the increasing number of people suffering from neurodegenerative diseases, especially Alzheimer's disease, investigating cognitive changes over time has received a growing attention in population-based cohort studies for understanding natural history of the neurodegenerative diseases as well as in intervention trials designed to assess the effects of drugs on neuropsychological functioning (1, 2) . In these studies, cognition is generally assessed through a battery of psychometric tests repeatedly administered to the subjects.
Collecting several cognitive tests may be useful because this allows to explore various cognitive domains (memory functioning, attention or executive functions) and because the tests often have different metrological properties. In particular, some tests are very sensitive to small changes in high levels of cognition while others are more sensitive to changes in the lower levels. As a consequence, when studying the effects of drugs or ageing process on cognition, results may differ considerably according to the properties of the test considered (3) . A way to deal with this problem is to study the change over time of the common latent cognitive level underlying the battery of cognitive tests used (4) .
However administering an extensive battery of neuropsychological tests can turn out to be difficult because of duration (and thus cost) of the evaluation and also because subjects presenting cognitive impairment are more prone to refuse long testing sessions than cognitively intact elderly subjects (5) . In this way, it would be of substantial interest to compare the properties of commonly used cognitive tests to highlight arguments for selecting a restricted number of tests and even only one according to the aim of the study.
Brevity and easiness of use are obviously relevant criteria to select a test for population-based studies. Nonetheless it is more crucial to select a test able to detect small changes in cognition in all the range of cognitive levels observed in the target population (1, 2) particularly in cases of prolonged follow-up or long term prevention studies. Indeed, the range of general cognitive level targeted will be different according to whether the study sample consists in subjects from population-based cohorts, patients consulting Memory Clinics for memory troubles or patients with Alzheimer's disease enrolled in pharmacological trials. Until now, when a single psychometric test is collected, the Mini Mental State Examination (MMSE) (6) is usually preferred because it gives a brief measure of global cognitive functioning (7) . However, as the MMSE suffers from a strong ceiling effect, it is not suitable to identify slight declines in high levels of cognition (7, 8) and thus, is not appropriate to study normal cognitive ageing in prospective studies particularly among highly educated people.
The aim of this work is to compare sensitivity to cognitive change of four tests widely used in clinical practice: the MMSE, the Isaacs Set Test, the Benton Visual Retention Test and the Digit Symbol Substitution Test. More specifically, we would like to identify the most appropriate test to measure cognitive changes over time in heterogeneous populations including both highly normal and severely impaired subjects as encountered in populationbased studies. To answer this purpose, we use a nonlinear latent variable model for longitudinal multivariate data in which psychometric tests are assumed to be nonlinear parameterized transformations of a common factor (4) . The common factor is a latent process representing the latent cognitive process underlying the psychometric tests. It is related to age through a linear mixed model for describing the latent cognitive evolution according to age.
By estimating flexible transformations between the psychometric tests and the common factor, we are able to compare the metrological properties of the psychometric tests.
This approach may be viewed as an extension of Item Response Theory (IRT) (9) to handle repeated measurements of quantitative outcomes (the summary scores of each test) instead of binary outcomes (the individual binary items of one test). The link functions estimate the mean score of each test given the values of the latent process similarly to the Item Characteristic Curve in IRT models which estimates the probability of correct response given the latent ability. In addition, we are able to estimate evolution with time of the latent process and the test scores.
Methods

Population
PAQUID is a prospective cohort study initiated in 1988 in South Western France (Dordogne and Gironde) to explore functional and cerebral ageing. In brief, 3777 subjects who were 65 years and older and were living at home at enrollment were included in the cohort and were 
Neuropsychological evaluation
In PAQUID, a battery of psychometric tests was used to evaluate cognition. In this paper we focus on four tests: and symbols, the subjects have to fill in blank squares with the symbol which is paired to the digit displayed above the square. The subjects have to fill in as many squares as possible in 90 seconds. In PAQUID, the score ranges from 0 to 76 even if the theoretical maximum is 90.
Statistical model
The statistical model assumes that the correlation between the tests is induced by a latent common cognitive factor. Thus, each test is a measure with error of a test-specific non linear transformation of the common factor. The evolution of the common factor was modelled using a linear mixed model (14) which aims at evaluating changes over time of a repeated outcome (here the latent common factor) accounting for correlation between the repeated measures on each subject. The linear mixed model included random intercept, age and square age in accordance with other longitudinal ageing studies (15, 16) which showed quadratic cognitive evolutions. We added a Brownian motion to account for individual deviations from this quadratic evolution and thus relaxed the parametric form of the model. Test-specific random intercepts were added to evaluate if, for a same level of the latent common factor, two subjects scored differently at the tests. (4) and is described in Appendix.
Sample
Measurements at the initial visit (V0) were excluded from the analysis because of a first passing effect previously described (17) . Indeed a test-retest improvement was observed between V0 and V1 possibly due to a stress induced by the first evaluation at V0 or a practice effect observed after the first evaluation. From the 3,777 subjects in PAQUID, we retained 3,043 subjects who were followed up after V0 and we studied the evolution of the common factor between V1 and V13. The DSST was not completed at V3. Moreover, a sub-sample of PAQUID completed a nutritional questionnaire at V3 which could impact on the IST15 score for the fruit and animal categories. So we excluded the measurements of IST15 at V3. From the sample of 3,043 subjects, we retained a sample of 2,252 subjects with at least one measure at each neuropsychological test between V1 and V13 to ensure that every subject brought information about each neuropsychological test. The median number of measures was 4 for the MMSE (Interquartile range (IQR)=2-5) and BVRT (IQR=2-5) and respectively 3 and 2 for the IST15 (IQR=1-4) and the DSST (IQR=1-4).
Results
Description of the sample
Characteristics of the subjects in the sample are described in table 1: 56.7% of the subjects were women and 73% had at least graduated from primary school. The mean age at the beginning of the follow-up (V1) was 75.16 (se=6.24). Among the 2,252 subjects, 14 had a positive diagnosis of dementia at V1 and 368 subjects were diagnosed as demented during the follow-up. At visit V1, 1,623 subjects completed the MMSE with a median score of 28 (IQR=26-29), 1,622 subjects completed the IST15 (median=28, IQR=24-33), 1,619 subjects completed the BVRT (median=11, IQR=9-13) and 1,614 completed the DSST (median=28, IQR=20-37) (table 2).
Cognitive evolution with age
The latent common cognitive factor ranges from 0 to 1; 0 corresponding to a minimal cognitive performance and 1 to a maximal cognitive performance. The predicted mean evolution of the latent common cognitive factor and its 95% confidence bands are displayed in figure 1a. It shows a decline of cognitive performances in the population according to age with an acceleration of the decline in older ages. This evolution can be interpreted as the mean cognitive decline with age in a population of subjects of 65 years and older including both demented and non-demented subjects.
The predicted mean evolutions of the four tests and their 95% confidence bands are displayed in figure 1b. The decline of the DSST is quite linear whereas the decline observed in the other tests is nonlinear with an acceleration in older ages.
Comparison of the sensitivity of the four tests
The estimated transformation shapes between each test and the common factor are displayed in figure 2. They are very different for the four tests: the transformation is concave for the MMSE and the BVRT, convex for the DSST and close to linear for the IST. Moreover the MMSE and the BVRT only cover respectively 78% and 85% of the common factor range while the DSST and the IST cover almost all the entire range with respectively 94% and 95% of the common factor range.
Ceiling effect
For the MMSE and the BVRT, the maximum value of the test is reached for a value of the common factor lower than its maximum (respectively 0.78 and 0.87) which shows that these tests are not appropriate to assess cognitive changes in subjects with very high general cognitive level functioning. This underlines the ceiling effect of these two tests. In contrast,
the maximum values of the IST and the DSST are reached for a value of the common factor close to 1 underlining that these tests do not suffer from a ceiling effect and can identify changes in the highest levels of cognition.
The MMSE transformation
The nonlinear shape of the MMSE transformation shows that a decline of the MMSE does not correspond to the same intensity of decline of the common factor in all the range of the test.
Indeed, a loss of 0.1 in the common factor scale between 0.7 and 0.6 represents a loss of 1 point for the MMSE whereas the same loss between 0.3 and 0.2 represents a loss of more than 4 points for the MMSE. This shows that a decline in the MMSE can not be interpreted without accounting for the initial value and that the MMSE is more appropriate to detect a decline in low cognitive levels than in high cognitive levels.
The BVRT transformation
The shape of the BVRT transformation is quite linear in the low cognitive levels (corresponding to a value under 10 at the BVRT or under 0.5 on the common factor scale). It reveals that, under a value of 0.5 for the common factor, a decline in the BVRT represents the same intensity of decline for the common factor whatever the initial cognitive level. However, in the high levels of cognition, the slope of the curve decreases. Thus, in the higher levels of cognition, the BVRT is less sensitive to small cognitive changes.
The DSST transformation
The shape of the DSST transformation is quite linear in the high levels of cognition corresponding to a score upper than 25 or a common factor level upper than 0.54. This means that above this value, whatever the initial cognitive level, a decline of the DSST corresponds to the same decline in the latent cognitive level. In contrast, in the low levels of cognition, the shape is nonlinear revealing that one point lost at the DSST corresponds to a greater decline of the common factor level under a score of 25. In this way, subjects with a very low level of general cognitive functioning (lower than 0.1) tend to score 0 at the DSST. This could be explained by the fact that subjects with a low level of cognition can probably not even understand the instructions of the DSST. Thus, DSST is appropriate to identify small changes in cognition among subjects with high to medium general cognitive level but not among impaired subjects.
The IST15 transformation
In contrast with the other tests, the IST15 transformation is close to linear on the entire range of cognition. This shows that the IST15 proves to be sensitive to change in all the ranges of cognition: one point lost at the IST15 score in higher values of the score has the same interpretation in terms of cognitive decline as one point lost in the lower values of the score.
Thus, the IST15 can be useful for evaluating cognition in a heterogeneous population including both subjects presenting high general cognitive functioning and subjects with a severe cognitive impairment.
Discussion
By modelling jointly four psychometric tests and their latent common factor, we have been able to compare their distributions in all the range of cognition. In this way, we showed that MMSE and BVRT were not sensitive to cognitive changes in high levels of cognition and thus were not appropriate to study cognitive ageing in prospective studies including highly educated people. On the contrary, we showed that the DSST was very sensitive to cognitive changes in high levels of cognition. However, as it was less sensitive to cognitive changes in low levels of cognition, it could neither be suitable for measuring cognitive changes in heterogeneous populations consisting of both highly normal and severely impaired subjects.
In contrast, the IST15 appeared to be a satisfactory cognitive measure in all the range of cognition which is of substantial interest when studying cognitive ageing in population-based cohort studies.
The IST15 has several assets comparing with the three other tests. Firstly, it does not suffer from a floor effect or a ceiling effect. Indeed, using cognitive measures with border effects can lead to misleading results (especially under-estimated declines) when investigating cognitive changes since initial scores are often differentially distributed among exposure groups and the sensitivity of the tests to identify cognitive changes is thus different among these groups (1) . Secondly, the Isaacs Set Test when shortened at 15 seconds as well as the DSST includes a speed component which may explain its high sensitivity to changes in upper levels of cognition. Indeed, the speed component plays a key role in cognitive ageing and it has been shown for example that most of age-related differences in cognition were due to the decrease in the processing-speed (18) . Lastly, the IST15 is a very brief test and its instructions are easily understandable. It can therefore be performed in large population-based studies even with severely impaired subjects.
The methodology we proposed in this paper has several advantages that should be discussed.
Firstly, the estimated link functions between the test scores and the latent process make it possible to compare properties of the tests and, especially, their sensitivity to detect cognitive changes within the entire range of cognition. This is done by modelling jointly various psychometric tests for which the hypothesis of a common factor is sensible. By the way, it is worth noting that the latent common factor in this model is actually defined according to the pool of psychometric tests used in the analysis. Computing the model with other tests involving different cognitive components could have an impact on the common factor evolution. In this analysis, we used tests which both are frequently used and explore different domains of cognition because we wanted to select one test for exploring general cognitive decline in heterogeneous populations. The methodology could also be used for selecting sensitive measures in a specific domain of cognition. In this case, based on his/her knowledge or on other analyses such as principal component analyses, the researcher must choose the tests which are assumed to measure the same latent cognitive ability in this specific domain and then apply the methodology to the selected tests.
A second asset of the methodology is that, thanks to the estimated transformations of tests, the tests are no longer constrained to follow a Gaussian distribution as in a standard linear mixed model. In this way, even if longitudinal evolutions of the four tests, as presented in figure 1b, could have actually been estimated using linear mixed models, they would have been obtained under the wrong Gaussian assumption .
Lastly, as parameters are estimated using the Maximum Likelihood Estimators, results are robust to data missing at random (i.e. when the probability that a data is missing does not depend on unobserved values given the past observed values). Simpler analyses which aim at comparing empirical means of the tests for different age groups are often biased by the missing data process, especially when the cognitive level and the dropout are linked as it was previously shown in the Paquid cohort (17) . In this previous work, it was also shown that the missing at random assumption was probably not strictly true, but the impact on the estimated evolution was slight (17, 19) . Moreover, even if missing data may blur the comparison of evolution of the tests scores, it is very unlikely that they biased the comparison of test sensitivity which is the main objective of this paper. This was checked by comparing transformations estimated on four sub samples defined by the time of dropout (dropout after Secondly, in the PAQUID study, MMSE was the first test fulfilled during each testing session. Consequently, it was more frequently completed than the three other tests, particularly among impaired subjects. To ensure that test-specific parameters were estimated on the same sample and to maintain comparability between the tests, we required that every subject had at least one measure at each test. The 791 subjects excluded from the sample were older (median of 78.6 vs. 73.1) and less educated (51.5% did not graduated from primary school vs. 27% in the sample) than the subjects included in the selected sample but the range of the observed scores was the same. Note also that using longitudinal data and keeping incident cases of dementia in the sample increased the observed range of cognition and allowed us to compare evolution of each test over time.
In conclusion, our results show that the Isaacs Set Test shortened at 15 seconds could be a good candidate to measure cognitive changes in a general population. More generally, the methodology used in this study provides some clues to thoughtfully select the appropriate measures of cognition collected in a study according to the nature of the target population and the objective of the study. where the test-specific random intercept α ik follows a Gaussian distribution with mean 0 and variance σ αk ². It takes into account the residual individual variability between tests after adjustment on the latent common factor, that is the fact that two subjects with the same latent cognition can score differently at the psychometric tests. At last, ε ijk are independent Gaussian errors with mean 0 and variance σ εk ². 
